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Abstract. A summary of comet nucleasd dust properties issed to suggest a basis for
predicting the properties of meteor shower particles originating as comet debris.
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1. Introduction

The Leonid showers are a classic case of periodic meteors assuitietieel
passage of aomet - Tempel/Tuttle throughthe orbit of the earth. The
largest particles in the dust distribution - thibse would beseen athe anti-
tail - remain in arorbit approximately that of theomet itselfand as they
return to the region of the Earth are seen as meteor showers. Each shower is
associated with a particular Earth orbit crossing of 55P/Tempel-Tuttle. It is
the purpose of this paper poovide a generdbackground orthe chemical
and physical properties of comets and comet dust which may prdwicésa
for understandinghe observed properties of cometatgbris and, in
particular, of the Leonid meteors.

| find it interesting to quote here frothe conclusion of a paparritten
earlier in which thecomet properties were derivébm the character of
meteors "The aggregatedust model makes ipossible toderive comet
nuclear densities from a comparison of evaporated comet debris with meteor
densities. It is shown that a high degree of porosity is to be expected with at
least60% of acometbeing vacuum." (Greenberg, 1986a,-b). The large
uncertainty in extracting particldensity from meteor data couldhave
renderedhatresult suspect but it turns out tave been confirmed. The
situation now is reversed. The post Halley era has led to moreeadicktce
of the lowdensity nature of comets and we can masefully invert the
meteor—comet connection to make predictions of meteor propEted on
comets rather than the other way around. The additiesialts novavailable
on interplanetarydust particles (IDPs) shouldhelp to tie down the
connections.
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2. Chemical composition of comets

The chemicatomposition of a comet nucleus can be very strictly constrained
by combining the latesgésults on: the core-manitiéerstellar dust model, the
solar system abundances of éfements, the space-obsergedposition of

the dust of coméialley,and the latestata orthevolatilemolecules oEomet
comae. A detaileddiscussion ofhow interstellar dust comes to be
incorporated into comets during the formation of the solar system is beyond
the scope of this papeHowever, it iscertainly recognized thdioth the
comet coma volatiles and the cordest composion are very closely related

to what we infer to be the composition of the primitive solar nebula dust as it
existed4.6 billion years agoThere arestriking similaritiesbetween the
volatile composition of comets and leotes of regions of star formation. In
the very beginning there are the silicate particles blown out ofexobled

stars. These accrete mantles in the denser clouds, which are photoprocessed.
The mantles contain molecules createdsbgfacereactions, bygas phase
reactions and by photoprocessitnat isfollowed here are the "largenth
micron (mean radius) graiméich contain much ahe mass of the dust - all

the volatiles and all the silicat€3ther populations of interstelldust consist

of very smallcarbonaceous particles aeadensmaller particles, which are
presumed to resemble large polycyadimmatichydrocarbonsThe large
grains cycldetweenow-density (diffuse) clouds and high-densitglecular
clouds and star forming clouds.

Thosethat are left ovefrom star formatiorare shown athe topleft of
Figure 1. They consist of silicate cores with highly photoprocessed organic
mantles. Thevery smallparticles/large molecules aedso present in the
diffuse cloud phase as separate particles. Going back to the molecular cloud
phase the process is repeated. Those particles that are confined to the region
of star formation in the final collapse phase are presunten/@accreted all
the remaining molecules and the small particles as part of thenoamtle.
Some ofthe evidencdor these final accreteghases iprovided by the
observation ofyas phase species foundmmolecular hotcores. They are
densewarm clumpslocated close to the massiyeung starswhere the
molecules are presumedtave been evaporatiedm dust graintghatdid not
aggregate in the stellar nebula. Actually a closer comparison m st o
by probing the envelopes of low mass stars more characteristic Suaur
As stated in Bockelée-Morvanal. (2000) "Aquantitativeomparison shows
that chemicadbundances in Hale-Bopp parallel thioderred (my italics) in
interstellar ices, hot moleculaores and bipolar flows around protostars”.
The organic mantle beneath the ice had its confirmeditbrihe mass spectra
obtained in situ for comet Halley dust which led Kissel and Krueger (1987)
to infer a core-mantle structure of tdest particles.Thus according to
Jessberger and Kissel (199The existence of the previously postulated
(Greenberg, 1982) core-mantle grains seems to be substantiated by data".
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Figure 1. Cyclic evolution of interstellar graing&Jpperleft is anaveragetenth
micron radius silicateore-organic refractompantle grain in thdiffuse interstellar
medium (DC). The mantle is the heawlypcessedrganic material as in Geeberg

et al (2000). Schematically illustratece the hundreds #iousands to millions of
very small carbonaceous (hump, denoting their effect on the interstellar extinction)
particles and even smaller PAH particles as in Li and Gree(i@9g). Following
clockwise, the next phas#epictswhat happensfter entering a moleculacloud

(MC) showing the accretion of a complex ice mantle along withvéimg small
particles and, simultaneously with accretion, the ultraviolet photoprocessing of the
outer mantle and the organic inner mantle as well as the PAH and gartigbes
(primes denoteodifiedmaterial). The next phaserresponds to the emergence out

of the molecularcloud (MC/DC) after star formation when the ices are
evaporated/destroydeaving first generation organics (QR And finally, the
ultraviolet processingndpartial destruction of the newlgddedfirst generation
organic material (OR-> OR’) as well as reemergence and reforming of PAH and
hump particles leading back to the “original” diffuse cloud (DC) dust.arrmvs
leadingupward depicthe kinds of dust, whiclvould make upthe protostellar
material aggregating to form comets. In this representation it is assumed that this
occurswith little or no evaporatiorandreforming of ices. A singleycle lasts
about 18 years and as many as 50 may occur before the demtssimed in star
formation.

The basic model of interstelldust consists of three populationgafticles
(Li and Greenbergl1997). The majormass is intenth micron particles
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consisting of silicate cores with organic refractory (complex organic
molecules) mantles. Additionally there arery small carbonaceous
particles/large molecules. In moleculdouds the large particlesccrete
additional mantles of frozen molecules and in the dense clouds there is also
accretion of the very small particles which are imbedded in the "id@s"is
schematically shown in Figure 2.

DifTase Clowd Core-mantle G rain

Hundrede of thousande of <0,003 pm
Carbonaceaud /Lirge aslacule parclelas

Pre-Udmetary Core-manile Lerain

Figure 2: Upper figure depictgiiffuse cloud silicateore-organic refractomantle

particle. It has to be nonspheri@fa¢re elongated) in order to provide interstellar
optical polarization. Lower figure depicts a fuligcretedgrain in the protosolar
nebula.

The nature of the organibantle material variedepending orwhether the
dust is in dow density diffuse cloud or molecular cloud (Tielenst al,
1996; Greenbergnd Li,1997). There are significawdriations in theelative
proportions of C, N, O and H in tkemplex organics in different¢gions. In
diffuse cloudsthe organicmantle isstrongly depleted inoxygen and
hydrogen, whereas in moleculalouds complex organic molecules are
present with more abundant fractions of oxygenhgaiogenFurthermore,
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the ratio of the mass of organic mantles to the silicate core is highly variable.
In the unified model for diffuse cloud dust of Li and Greenberg (1997) this
ratio is V,¢/V, = 0.95, whereas matching the silicate polarizationi®tihen

B-N object requires \/V, is about 2 (Greenberg ahg 1996a). It is of
interest to note that the mass spectra of comet Hailley/ - asobtained by
Kissel and Krueger (1987) and presumably represerttiegultimate
molecular cloud collapse phasgaveabout equamasses of organics and
silicates in thedust which implies avolume ratio of about 2While the
presence of organics is observdd a 3.4 um absorption feature this
represents only the aliphatic molecules and much if not mdsealiffuse

cloud organic mantleonsist ofiromatics (Greenbeegal, 2000). Weshall
assumethat the organic refractory mantles in the fiséhges of cloud
contraction are most closely represented by the properties olftairtzdiey

dust; i.e. MM, = 1 and with an atomic distribution as givenin Table | for
cometdust organicsTable | gives the stoichometridistribution of the
elements in laboratory organics (residues of ultraviolet photoprocessed ices)
(Greenberg andi, 1997) comparedwith the cometHalley massspectra
(Krueger and Kissel, 1987) normalized to carbon.

TABLE |
Laboratory Organics Comet Halley
Volatile* Refractory*  Total* PICCA(g&s) dus? totaP
C 1.0 1.0 1.0 1.0 1.0 1.0
@) 1.2 0.6 0.9 0.8 0.5 0.6
N 0.05 > 0.01 > 0.03 0.04 0.04 0.04
H 1.70 1.3 1.5 15 1.0 1.2

* Division between volatile and refractory is here taken at a sublimation
temperature less than or greater thiaB50K respectively.
@ Assuming equal amounts of dust and gas.

Combining a representative distribution of volatile components &ammet
comae with thenferred chemicalcomposition of thesilicate core-organic
refractory component one carrive at a'canonical” distribution otomet
nucleus chemical components agjiven in Tablell. Table Il gives the
distribution by mass fraction of the major chemical constituentscofraet
nucleus: aslerivedfrom comet volatilesand dustrefractories (Greenberg,
1998). Included in "othersare SO, SQ HCN, NH,CHO, HCOOH,
HCOOH,, etc. (Bockelée-Morvaret al, 2000). Notethat water, while
abundant, is certainly not dominant.
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TABLE I
Materials Mass fraction
Silicates 0.26
Carbonaceous (very small) 0.086
Organic Refractory 0.23
H,O 0.31
CO 0.024
CO, 0.030
CH,OH 0.017
H,CO 0.005
(Others) 0.04

3. Aggregate properties of comet dust

The thermal emission from comet dust, and particularly the presence of a 10
pm excess characteristic of the silicates, have beed todemonstrate the

very fluffy character of the particles. | will discuds@ted number of comets

for which a fluffy dust model has been applied.

3.1. GOMET HALLEY

The uniqueness of comet Halley with regard to the dust was that for the first
time three major propertiesvere simultaneously observedchemical
composition, size (mass) distribution, and infrared emission. Greenberg and
Hage (1990) showetat, inorder to satisfy simultaneously suntependent
properties of Halley coma dust as (1) Arid emission (amount and shape),

(2) dust mass distribution, and (3) mass spectroscopic composition of both
rock and organicelements,one demanded — as thaost consistent
configuration -that thedust bevery fluffy aggregates of sub-micron
interstellar dust silicate core-organic refractamgntle particles. The major
thrust of this ishat comeidust consists ointimately related silicate and
carbonaceous materials (core-mantle structure) rather than sejilaate

and carbon components. In light of the current understatidihipterstellar
volatile species aravell preserved as seen @qomet comae (see-Bockelee-
Morvanet al.,2000 and references therein) it seems even more reasonable to
expect the refractory silicate core-orgamantleunderlying themolecular

cloud ices to be well preserved as well. One of the observational supports of
the model is that the in situ mass-spectra of Halley wliisthigh dynamic

range show that, except for the very small (attogram) grains (Utterback and
Kissel, 1990), neither pure organic (so-caletON) nor pure silicate
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particles exist. Instead, they are intimately mixed on a very fine scale in such
a manner that thefprm the sub-unitswith a core-mantle structure in the
aggregates (Lawler and Brownlee, 1992). This is additioredlgcted by the

fact that the CHON ions have on the average a higher initial energy than the
silicate ions in measuring the mass spectra (Krueger and Kissel, 1987).

In summary, the result of the intertwining of the three basic Hdllesy
observations isf1) cometdust consists odggregates of0.1 um silicate
core-organic refractomypantle particleq2) the average porosity thfe comet
dust is 0.93 < P < 0.979he inferred Halleycometdust density is 0.07
< pep < 0.19 g cri; i.e.p., ~0.1 g cnt is a suggestezhnonical value. Note
that we have usqgl, = p..;4 X (1-P), wherep,,, is the mass density of the
compact core mantle particlessumed to be abo@7 g cn?. If one
reconstitutes the original comet material by adding backdlailes on the
comet dust skeleton, as well as vieey small interstelladust particles, and
about 1/2 of the original (relatively volatile) organic refractories, which were
removed by the solar heating, the reconstituted comet nucleus density may be
inferred to be 0.26 g, < 0.51 g cm. Later works (Greenberg ahi 1998a;
Greenberg,1998) have not modified these results significantly and
representative values ameggested for comelalley dust density g%, ~0.1
g cm® and for its nucleus density ps~0.33 g crii. The latter is consistent
with the low density suggestion proposed by Rickman (1986) based on the
analysis ofnon-gravitationaforcesalthough,usingthe samekind of data,
Sagdeeet al.(1988) arrived at a value 0.61 g&m

3.2. @MET P/BORRELLY (1994: A JUPITER-FAMILY SHORT-PERIOD COMET

The fluffy aggregate comet dust model has also been applied to short-period
(SP) comets (see Li and Greenberg, 1998a). Asesample, wehave
calculated the dust thermal emission spectrucooietP/Borrelly (1994l),

with an orbital period P ~ yearsfrom 3 - 14um as well as theeak10 um
silicate feature in terms of theomet modeled as orousaggregate of
interstellar dust (Li and Greenberg, 1998a). It setmatscompared to the
Halley dust, thedust grains of P/Borrellyappear to beelatively more
processed (mo&rbonized)and less fluffy. Anot so fluffyaggregate model

of silicate coreamorphous carbomantle grains with a porosity P = 0.85
appears to match the observatialzdh obtained bidanneet al.(1996)quite

well. This would implythat cometP/Borrelly is substantially denséran
Halley. Since P/Borrelljhas passed throughe innersolar systenmany

more times than P/Halley and therefore been subjected much more to the
solarirradiation, could it be that because of thermadcessinghe outer
layers of the nucleus could have been significantly modified? Could a layer
of more compacted materiahvebeen produced? Iparticular,could the
organic refractory materiatmveundergone further processiagd annealing
(Jenniskenst al, 1993)? Observations do shalmat some Jupiter-family
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short-period cometsre depleted in &and G butare approximately constant

in CN (A'Hearretal, 1995). This is consistewith the idea of carbonization
since CN is mostly produced from grainile some C and G come
directly fromthe volatile nuclear ices which areelatively depleted in SP
comets (A'Hearet al, 1995). Perhaps the dust of short-period comets lacks
the small particles seen ihe Halley size spectrére they more strongly
bound and less susceptible fimgmentation? Thesguestions require
substantial further discussion kaiearly while itappearghat comets may
start out consisting athe same material they cavolve tolook rather
different (see Greenberg and Li, 1999).

Since up to now only two SP comets were known to have silicate emission
andweak at thatP/Borrelly and P/Fay; see Hanmral, 1996), we are not
able to generalize thdust properties of short-periambmets. Systematic
observations of the thermamission spectra arttle silicatefeatures for a
large set of samples are needed.

3.3. GMET HALE-BOPP (C/1995 O1): A VERY LARGE LONG-PERIOD COMET

Comet Hale-Bopp (C/1995 O1) is arceptionally bright long-periatbmet

(P ~2000 years). It was so active and so bright that it became visible even at
a heliocentric distance of ~7 AUts strongactivity and strongthermal
emission featurgzrovide a rarepportunity to studthe origin of comets and

to constrain thecomet dust morphology, composition and size. Li and
Greenberg (1998lhave calculatetthe dusthermalemission spectrum based

on the model of cometlust consisting ofvery porous aggregates of
interstellar dust. Both the continuum emission and thex8ilicate feature

are well matched (see Li and Greenberg, 1998b for details). The presence of
largenumbers ofvery large particles in Hale-Bopwas confirmed by the
submillimeter continuum emission observation (Jewitt and Matthews, 1999).
It has been argued that these large particles may dominate teisbtalass

of the coma (Fullg,999;Jewitt and Matthew4999). Assuming spherically
symmetric dust coma with uniform radial outflow, adopting thewater
production rate on Feb.23.9, 1997 (Dello Rustsal, 1997) of 4.3 x 18
mols/s, and an average dust outflow velocity of 0.12 kiealculated from

v, = 05 (r/6.82)° (where  is the heliocentric distance in AU; Sekanina,
1996), the dust-to-water production rate ratio was estimated to be as high as
41 or even higher (see Li and Greenbd®@Q8b). If a higher dusiutflow
velocity of 0.60 km's, which may be more realistic, is adopted, diist-to-

water ratio would be about 200! However, one should keep in mind that the
IR emission alone carot give a reliabldust productiomate since very large
particles are too cold to contribute to tiraited wavelengthrange of the
infrared radiation considered here (as long as the size distribution for those
cold patrticles is not too flat). Therefore the total mass of the large particles is
not well constrained, as was already noted @Gyfo (1987). Of equal
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importance is the fact that the large particles actually can act like mini-comets
and preserve their ices until far from the nucleus sdfteatolatiles are not
observed and therefore do not contribute togéepart in thedust to gas

ratio.

3.4. @MET 55P/TEMPEL-TUTTLE

For comet 55P/Tempel-Tuttle no silicate emission featureseas (Lynch

et al.,2000). This is along the lines indicated by coBwetelly, that Jupiter-
family short-period comets have weak or no silicate features. A possibility is
that this difference from long-period comets can be attributed to the different
degree of evolution of the comet nucleus. This could lead to thbdaet/en
thoughthe basic composition of theomet is similar thedust appears
different either because thmorosity islower, or that the dust is less
fragmented; i.e. contains less small particles in its size distribution. In any
case we suggest that the basic composition of the iaitigd cometary dust
fragments should haerivablefrom aggregates of core-mantleinterstelizst
particles.However, after lift off perhapsthere survives morg@rocessed
material on thegrains sothat the volatility of the mantle iess and the
particles have agreater strength against fragmentatidimus even the
relatively small ones are initially poor silicate emitters, being filled with more
non-absorbingnaterialices) and having alower porosity, both of wHezd

to lower temperatureklowever, ultimately even thvery largeones must lose
their volatiles so that, as meteors, we shall assume them capable of achieving
the ultimateporosity ofthe skeleton core-organic refractory particles as a
reasonable podsiity. By ultimate | mean durintipe timespent near the first
perihelion passage. However, the physical evolution of the remaining fluffy
structure may subsequently undergo some compaction as could result from
the process ofdifferential evaporatiorconsidered by Mukai and Fechtig
(1983). Solarwind effects arenot expected to modify more than the
outermost (tenth micron or less) layer of the large comet dust particles.

4. Large comet dust particles
4.1. METEOIDS

Meteors are generally much larger than the comet dust particles observed in
the visual or infraredWhile these observatiomaay beused toderive the
morphological structure they tell us little about the population wiedws

up as meteors. Submillimeter observations (Jeawnti Matthews, 1999)
extend the evidence for larger particles. The existence of even larger particles
hasbeen obtained frondustimpacts on spacecraft detectors by comets
Halley (McDonnellet al, 1991) and Gicobinni-Zinner (McDonneit al,

1993). Other evidence has been provided by radar echoes from near-Earth
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comets (Goldsteint al, 1984; Harmoret al, 1989, 1997).

4.2. NTERPLANETARY DUST PARTICLES

Interplanetary dust particles (IDPs) collected in ¢heth’satmosphere are
presumed to be debris from comets and asteroids. Sincewvtreyirst
discovered by Brownlee (1978, and references therein) it was hoped that they
would provide theclosestavailablelink to the material of theprotosolar
nebula. Thenost important point about these particlethat they can be
studied in the laboratorffor arecentreview seeRietmeijer, 1998). Since

some of the IDPare likely to be of cometrigin it would be handy to keble

to use them as representative of comet dust. The fadhtkas often done
leaves openaumber of questions. If comets are aggregatedstellar dust,

why do we not see the tenth micron corantlestructure? Ifcometdust is
extremely porous (P = 0.95) how have the particles been compactey
0.7-0.8, as in one of the groupings of densitieRieymeijer(1998)? The
mean density of IDP's in the futn to 50pum size range is abopf,, = 0.5

g cm?® according to Rietmeijéprivate communicatiomithough densities on
average much higher have been obtained by ebak(1994). Even the low
density implies a porosity of 2 less than P = 0.8, if the material density of
the solid components is = 2.5 g &nfa mixture of silicatenith a small
fraction of organics). The dust of Comet Borrelly comes close to this value.
One thing to be consideredist thdDPs have probably been around in the
solar system fo00,000 years or mosghile cometdust, in theform of
periodic meteor showers, is only hundreds of years old. Perhaps more fully
evolved cometary particles such as meteors resemble the IDPs although the
latter correspond tothe smaller end of the pre-meteor size spectra.
Chemically, it has been shown that H and N isotopic anomalies in the more
fragile (porous) cluster IDRghich may be attributed to surviving (but likely
altered) organic molecules are closer to those for interstellar molecules than
in other IDPs ometeorites (Messenget000). FurthermorelusterlIDPs

have fine grained structure comparable to the tenth micron characteristic of
interstellar dust and arieh in volatile elementand carbon although the core
mantle structure is not seen.

5. Concluding remarks

It appears that meteors may be thought aftasmediate between conukist

and IDPs with the further provisieat the comet dust we are thinking of is in
the millimeter to meter size range rather than the 10 —100 micron size range
of IDPs. What isneeded to simulate expected properties of the Leonid
meteors is a calculatiofor simulation) of the evolution of mg thg-size
cometarydust "grains".These“grains” initially consist of aggregates of
protosolar duswith mearcomet porosityvhich,including the ices as well as
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the organics would be 0.5 < P < 0.8. The evolution of mg to kg mass pieces
of such mini-comet nucleusaterialshould be further studieprticularly

with regard tdosses in organics and to possibilitcofnpaction. As of now

it appearghat a working model approximation to metgwoperties is to
assume somethirgptweeraggregates of silicate core-organicrefractory tenth
micron particles (ymg; =2, mean aggregatdensity of < 0.5 g cf
porosity of at least P = 0.7) and large cluster IDPs with P = 0.7.
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